Humid Mountain Forest is one of the most important Mexican biomes due to the high fl oristic richness and endemism found within its small geographical extension. The distribution of this biome is not well known in the country; accordingly, the goal of this paper is to delimit its distribution by using potential distribution models of species characteristic to the biome as surrogates. Based on herbarium specimens housed at the National Herbarium of Mexico, a database of 78 species restricted or mostly restricted to Humid Mountain Forest was constructed. In addition, 56 environmental covariates (26 climatic, nine soil properties, nine topographic attributes, and 14 remote sensing data) were assembled. Species modeling was done using MaxEnt. Twenty-three covariates defi ned the Humid Mountain Forest distribution in Mexico. Among these, normalized vegetation index for May, total annual precipitation, and organic carbon content in the soil were the most important. According to the models, Humid Mountain Forest in Mexico represents 7% of the total surface of the country and it is found in 25 of the 32 states. Chiapas, Guerrero, Michoacán, and Oaxaca are the most outstanding states since they collectively account for 74% of the total Humid Mountain Forest surface. Keywords: maximum entropy, MODIS remote sensing data, soil properties.
H
umid Mountain Forest (HMF) is found in areas with high concentrations of moisture, especially between 1,000 and 3,000 m elevation. Moisture results from the existence of rainfall during most of the year, often also due to the condensation of clouds or their persistence as fog at ground level (Villaseñor, 2010) . Mountain tropical components mixed with other typically boreal plants and an abundance of climbing and epiphyte plants predominate in HMF.
HMF is among the most important Mexican biomes because it contains the richest fl oristic diversity per surface area (Rzedowski, 1978; Villaseñor, 2010) . This high richness, found mostly in a relatively small surface in the mountain chains, is accompanied by high environmental heterogeneity (climate, soil, elevation) and a high degree of fragmentation throughout its distributional extent (Vázquez-García, 1995; Ramírez-Marcial et al., 2001) .
HMF (in Mexico mostly known as "bosque mesófi lo de montaña", "bosque de neblina", or "mountain cloud forest") occurs in all the Mexican mountain chains, from southern Sonora and Tamaulipas to Chiapas (Challenger, Type Covariates Climate bio1 (annual mean temperature), bio2 (mean (WORLDCLIM) diurnal range (mean of monthly (max temp -min temp))), bio3 (isothermality (bio2/bio7) * (100), bio4 (temperature seasonality (standard deviation *100)), bio5 (maximum temperature of warmest month), bio6 (minimum temperature of coldest month), bio7 (temperature annual range (bio5-bio6)), bio8 (mean temperature of wettest quarter), bio9 (mean temperature of driest quarter), bio10 (mean temperature of warmest quarter), bio11 (mean temperature of coldest quarter), bio12 (annual precipitation), bio13 (precipitation of wettest month), bio14 (precipitation of driest month), bio15 (precipitation seasonality (coeffi cient of variation)), bio16 (precipitation of wettest quarter), bio17 (precipitation of driest quarter), bio18 (precipitation of warmest quarter), bio19 (precipitation of coldest quarter).
In addition we calculated the precipitation and the temperature of both the humid and dry months, as well as the real annual evapotranspiration, of the humid and dry months † Topographic Altitude, slope, aspect (from 0° to 359°), runoff, attributes convergence index, topographic humidity index, (GTOPO web) terrain rugosity index (Riley et al., 1999) , vector's rugosity measure (Sappington et al., 2007) ; P= total annual precipitation (mm); L = 300 + 25T +0.05T 3 ; and T = mean annual temperature (°C). 1998; Villaseñor, 2010) . This biome includes a broad set of diverse plant associations that differ in structure and composition, as well as in degree of human disturbance, and/or degree of conservation (Rzedowski, 1996; Challenger, 1998; Ramírez-Marcial et al., 2001; Luna-Vega et al., 2006) .
Recently, a revision of the fl oristic and taxonomic literature of the Mexican HMF (Villaseñor, 2010) , indicated the occurrence of 6,790 species, about 40% of which are restricted or almost restricted to the biome. The importance of HMF to the Mexican vascular fl ora, in addition to the high species richness, is its high level of endemic to Mexico species (34.8%). Moreover, this biome is found in only 0.6% (Rzedowski, 1996) of the total surface of the country (11,719 km 2 ), ranking its territory as that with the highest density of species per surface area, with few conservation strategies and high human population pressure. These latter conditions cast doubts on the viability of strategies proposed for the management and conservation of its natural capital, regardless of scale (national, regional, or local) (Bubb, 1991; Ramírez-Marcial et al., 2001; Ramírez-Marcial, 2002) . It is estimated that more than 50% of the original surface of HMF has been replaced with grasslands for cattle grazing, farming, or for coffee plantations (Cayuela et al., 2006a) . These changes in land use have caused a reduction in the structural diversity of HMF, as well as a decrease in the water quality due to the increase of contaminants in streams (Martínez et al., 2009) . More than half of the present HMF surface in Mexico is classifi ed as a high priority zone (Toledo-Aceves et al., 2011) , that is, characterized by a high forest quality but endangered by human activities.
Floristic knowledge of the Mexican HMF is poor and the efforts to overcome such defi ciency scarce. Therefore, information in digital format about this biome is practically absent, especially information relevant for understanding geographical patterns either of the biome in general or their species. Geographical data matched with taxonomic identities are fundamental to modeling and predicting potential species distributions (Phillips et al., 2006) . Accordingly, the aim of this study was to determine the potential distribution of HMF. To do this, we determined the environmental requirements of several species restricted to this biome and then extrapolated this data as a surrogate measurement for outlining its geographic extension.
Materials and methods
Environmental covariates. 56 covariates were used, each with a 1 km 2 pixel resolution; 26 included climatic covariates, nine included topographic attributes, nine included soil properties, and 14 included remote sensing data (Table 1) .
Records. Localities for 78 species were obtained from specimens housed at the National Herbarium of Mexico (MEXU) of the Instituto de Biología, Universidad Nacional Autóno-ma de México (Table 2 ). All records fulfi lled the following two requirements: (1) their taxonomic identifi cation was correct (annotated by a taxonomist specialist) and (2) they belong to species known to be restricted or almost restricted to HMF (Villaseñor, 2010) , occurring only in one or more of the vegetation types included by Villaseñor (2010) as constituting HMF.
To validate HMF distribution model, a set of herbarium records of the family Asteraceae that indicated specifi cally as collecting stations HMF were used (N = 4,400 records), as well as the distribution records of Liquidambar styracifl ua L. a fl agship species used to recognize this biome in the fi eld. Both sets of records were used once HMF map was obtained, to compare how well the data fi t such a map. (Yost et al., 2008) : (1) MaxEnt (Phillips et al., 2006) was run using the 56 covariates, (2) the gain values were extracted from the Jackknife validation test and a mean test (95% signifi cance level) was applied to determine their confi dence intervals, (3) the covariates with values higher than the upper maximum of the confi dence interval were selected, and (4) a second MaxEnt analysis was run only using the selected covariates (in step 3). Each run in Maxent used the records of the 78 species selected as characteristic of HMF. The records were divided in two sets, the fi rst (75% of data), was used for training and the second one (25%) for modeling validation. Regularization and trait kind were obtained using the automatic option with 10,000 background points; the convergence threshold was 10 -5 , the maximum number of iterations was 500, and the output exit was the logistic one; in all cases we followed the performance proposal of Phillips and Dudik (2008) .
The potential distribution coverage in logistic format obtained from each modeling case was the transformed Boolean-layer. This layer was used to determine HMF potential distribution. To do this, the 10% omission error criterion (pixels equal or larger than this value were re-classifi ed as 1 and the others as 0) was used, in this way a high proportion of presences was estimated adequately, with the lowest presence's threshold maintained (Pearson et al., 2007) . The potential distribution of Liquidambar styracifl ua was obtained with the same procedure.
Statistical analyses.
We evaluated accuracy among maps with a proportions test. The number of successes was obtained by quantifying the validation records with prediction probability values higher than the previously defi ned threshold (Baldwin and Bender, 2008) . In the same way, the proportions test was used to evaluate the accuracy between HMF map and the placement of the Asteraceae records on it. From the two maps obtained (19 covariates only and 24 covariates with Jackknife selection), that with better accuracy to extract covariate values corresponding to each pixel covering HMF surface was used. The covariate values were then used to determine confi dence intervals for each co- Software. The geographical analysis was done using Quantum GIS 1.7.0 and the statistical analysis using R (R Development Core Team, 2011).
Results
HMF contains 2,872 species restricted or almost restricted to its territory (Villaseñor, 2010) ; unfortunately a large number of them have neither enough different collecting stations nor precise localities to be used in modeling strategies (geographical coordinates). In total, 78 species were selected under conventional criteria used to determine HMF occurrence (Table 2) ; this number was considered enough (as results indicate), especially for the number of different records evaluated (N = 190). Hernandez et al. (2006) considered 50 records represent a reasonable size to carry out modeling exercises; however, the study area size needs to be considered. Cruz-Cárdenas et al. (2010) suggest that sample size correspond to 15-20% of pixels covering the study area if satisfactory modeling results are expected. Therefore, considering that the scale of Rzedowski's potential vegetation map (Rzedowski, 1996) is 1:4 000 000, the pixel's size is 4 × 4 km (Bishop et al., 2001 ); if we divide the surface of HMF estimated in such a map (11,719 km 2 ), we fi nd that 733 pixeles occupy the surface of this biome. Finally, if each record represents a pixel, our sample size should be between 111 and 145 records; our sample size exceeds this range (190 records); therefore, according to this criterion enough records were used in HMF modeling. The number of covariates varies according to the method used for HMF modeling (Table 1) . For example, group 1 (WorldClim) includes all 19 covariates as important, whereas group 2 (Jackknife) records 23 covariates as important, not all of them strictly climatic ones. Only annual precipitation (bio12) and the precipitation of the wettest quarter (bio16) were recovered as important by both methods.
The estimated surface of HMF based on the two modeling methods is quite similar; on average it measures 139,405 km 2 , which represents about 7% of the Mexican territory. Each model records slight differences, especially in those areas where HMF has not been previously recorded. However, there were no signifi cant differences among accuracy of the maps generated with the covariates used by each of the two methods (Table 4) . Based on these results, the po- tential distribution of HMF is given only with the polygon generated by the Jackknife method (group 2, Figure 1b) . Figure 2 shows that HMF may occur in 25 out of 32 Mexican states. The larger HMF geographical extension was found in four states: Chiapas (30%), Oaxaca (23%), Guerrero (12%), and Michoacán (9%). Additional potential surface (24%) was located in the states of Hidalgo, Jalisco, México, Nayarit, Puebla, and Veracruz and only 2% of HMF potential surface is found in the states of Colima, Distrito Federal, Durango, Guanajuato, Morelos, Nuevo León, Querétaro, San Luis Potosí, Sinaloa, Tabasco, Tamaulipas, Tlaxcala, and Zacatecas. Neither literature nor herbarium vouchers had recorded the occurrence of HMF in Guanajuato, Tabasco, Tlaxcala, or Zacatecas.
The validation test using the Asteraceae records (N = 4,440) indicates that 3,952 of them match the modeled surface (Figure 2 ). This result indicates a confi dence interval of map precision between 80% and 82% (95% signifi cance level). The states of Colima, Jalisco, México, Michoacán, Oaxaca, and Querétaro included 66% of the records misplaced outside HMF contour (Table 5) . Figure 3 shows the histograms with the confi dence intervals of the covariates disclosed as important in HMF modeling. From them, 13 were of remote sensing data, eight were climatic, and two were soil properties. The covariates with less than 50% variation among their confi dence intervals were the normalized vegetation indices for July (40%), March (42%), August (42%), October (44%), and the set of humid months (43%). Covariates with more than 100% variation among their confi dence intervals were the normalized vegetation indices for May (107%), February (115%), and April (143%), the OC (123%), the OM (155%), the precipitation of the wettest quarter (bio16, 252%), the precipitation of the wettest months (bio13, 256%), the precipitation of the humid months (268%), the temperature seasonality (bio4, 278%), and the annual precipitation (bio12, 307%). Rzedowski (1996) mentions a number of families as important members of HMF fl ora, among them Asteraceae, Orchidaceae, Polypodiaceae, and Rubiaceae. Several species here used to model HMF potential geographical distribution are members of these families, as well as many others that jointly integrate its natural capital (Table 2 ). Species distribution along the taxonomic hierarchy allows us to assume that an important component of the generic potential that has contributed to this fl oristic richness is included. Therefore, results can confi dently represent places where HMF can be considered as a natural laboratory where much of the biological diversifi cation of this biome has taken place.
Discussion
Results suggest that HMF potential surface constitutes 7% of Mexico's territory. This is a value six times larger than those reported by Rzedowski (1996) or Ortega-Escalona and Castillo-Campos (1996) . A comparison of Figure 4 with Rzedowski's map (1996) indicates they are congruent in 81% of the surface; however, it is important to point out that Rzedowski's HMF polygon only includes 10% of the total surface obtained in this work for HMF.
Liquidambar styracifl ua is commonly considered a species characteristic of HMF; that is, where this species occurs most surely HMF is or was present. However, if its potential distribution is compared with the potential distribution of all HMF, we see that only 66% of its distribution matches HMF polygon. This result suggests a 66% success rate for predicting HMF if we look at Liquidambar's distribution. Caution has then to be taken in the selection of a species as fl agship or indicator of a particular biome.
As mentioned above, Chihuahua, Guanajuato, Quintana Roo, Tabasco, Tlaxcala, and Zacatecas are Mexican states without prior reference to the occurrence of HMF in their territory. Surely the boundary effect plays an important role in HMF identifi cation in those states. For example, this study indicates that there are potential sites where HMF can be present in Tabasco and Tlaxcala, occupying according to the model 169 and 123 km 2 respectively. Recently, López et al. (2011) reported the occurrence of small patches of HMF in the Municipality of Huimanguillo (Tabasco); this fi nding supports the effectiveness of ecological modeling in the identifi cation of places with a particular kind of biome. Future fi eldwork in Guanajuato, Tlaxcala or Zacatecas may confi rm the occurrence of HMF in its territory, as our results suggest; our experience indicates that canyons with a north aspect should be searched for its potential existence. The accuracy error (19%) in HMF contour when compared with the Asteraceae records can be explained in several ways. Perhaps some records used in this study may be wrongly assigned to the biome, that is, they do not belong to HMF ("confusion level"); this could be the case of 59 records from the State of México (Tlalmanalco and Amecameca localities), 13 from Jalisco (Jocotepec and Tlajomulco), 33 from Michoacán (Ocampo and Zitácuaro), or 11 from Nuevo León (Santiago). When we omitted these 116 Asteraceae records, supposedly incorrectly assigned to this biome, accuracy error diminishes to 16%, a fi gure closer to the accuracy values obtained with the models (Table 4) .
The vegetation indices for March, April, and May are the remote sensing covariates with the highest gain values. These months in México correspond to the wet half of the dry season, when important phenological patterns are observed, for example the high chlorophyll production favored by the higher carbon capture due to higher solar radiation (Xiao et al., 2006) . Moreover, the use of remote sensing data has showed their usefulness to discriminate across vegetation types; for example, Cayuela et al. (2006b) obtained a map where six vegetation classes were identifi ed (HMF included) with more than 70% accuracy.
Among the climatic covariates, precipitation was the most important for determining HMF occurrence. Our results agree with previous studies, where humidity was also a characteristic factor for explaining HMF occurrence; humidity can be observed as precipitation or mist. Mist can contribute to HMF humidity with 1 mm per day during the dry season, and up to 0.5 mm per day during the rainy season (Holder, 2004) . Ortega-Escalona and Castillo-Campos (1996) mention that HMF occurs in areas where total annual precipitation is higher than 1,000 mm but less than 2,300 mm; however, some places with HMF exceed 3,000 mm precipitation, for example in the Chinantla region of Oaxaca (Meave et al., 1992) .
The organic carbon content is the most important soil property and soil variation may be explained by the age of the forest. Bautista-Cruz et al. (2004) discuss that HMF sites that are 100 years old or more have soils with higher organic carbon content. On the other hand, soils with neutral pH (6.5-7.0) and therefore with less organic carbon content are found in places where HMF average less than 100 years of age. The important correlation of this covariate with HMF potential distribution modeling would allow us to use the organic carbon content as a useful parameter to estimate potential ages of patches with HMF.
The largest extension of HMF potential distribution in México is located in the states along the Pacifi c Ocean slope (Chiapas, Colima, Guerrero, Jalisco, Nayarit, and Oaxaca). The Gulf of México slope concentrates the larger potential surface in the states of Hidalgo, Puebla, Querétaro, and Veracruz. Along the Gulf of México slope the potential surface for this biome is signifi cantly smaller than along the Pacifi c Ocean slope. However, the former patches generally The soil organic carbon content (OC) does not follow a pattern associated with the continental slopes. The soils with highest OC content (> 10 kg m -2 ) are located in patches of HMF in the states of Chiapas, Hidalgo, Jalisco, Michoacán, Oaxaca, Querétaro, and Veracruz; in contrast, HMF in Guerrero has soils with the lowest OC content.
Ecological species modeling, as our results indicate, can provide signifi cant information to understand the present, past, and potential distribution of vegetation types and their biotic elements. HMF potential surface obtained in this study may need fi eld work validation, in order to verify the localities that still remain with this important biome and its endangered biota.
